Epidemiology studies revealed the connection between several types of cancer and type 2 diabetes (T2D) and suggested that T2D is both a symptom and a risk factor of pancreatic cancer. High level of circulating insulin (hyperinsulinemia) in obesity has been implicated in promoting aggressive types of cancers. Insulin resistance, a symptom of T2D, pressures pancreatic β-cells to increase insulin secretion, leading to hyperinsulinemia, which in turn leads to a gradual loss of functional β-cell mass, thus indicating a fine balance and interplay between β-cell function and mass. While the mechanisms of these connections are unclear, the mTORC1-Akt signaling pathway has been implicated in controlling β-cell function and mass, and in mediating the link of cancer and T2D. However, incomplete understating of how the pathway is regulated and how it integrates body metabolism has hindered its efficacy as a clinical target. The IQ motif containing GTPase activating protein 1 (IQGAP1)-Exocyst axis is a growth factor-and nutrient-sensor that couples cell growth and division. Here we discuss how IQGAP1-Exocyst, through differential interactions with Rho-type of small guanosine triphosphatases (GTPases), acts as a rheostat that modulates the mTORC1-Akt and MAPK signals, and integrates β-cell function and mass with insulin signaling, thus providing a molecular mechanism for cancer initiation in diabetes. Delineating this regulatory pathway may have the potential of contributing to optimizing the efficacy and selectivity of future therapies for cancer and diabetes.
Introduction
The link between type 2 diabetes (T2D) and several types of human cancer has long been recognized, from epidemiological studies [1] , and prospective studies support the concept that T2D represents both a symptom and a risk factor of pancreatic cancer [2, 3] . While altered metabolism has gained prominence as a "hallmark" of cancer, the molecular mechanisms of the link between metabolic diseases such as T2D and cancer have only now begun to unfold [4] . Nutrient overload in obesity leads to increased insulin secretion and consequent hyperinsulinemia [5] , a symptom of T2D, and this high level of circulating insulin has been implicated in promoting more aggressive cancer phenotypes, often with poor prognosis [6] . Accordingly, the mammalian target of rapamycin (mTOR) pathway, which regulates insulin signaling and has been shown to link cancer with the nutritional status [7, 8] , has been subject of intensive research as well as a clinical target and a focus of drug discovery for treating both cancer and diabetes [9] . Unfortunately, clinical trials of mTOR inhibitors produced weak results [8, 10] that have been attributed to two main factors; first, the mTOR signaling pathway exhibits complicated and poorly defined feedback regulatory mechanisms [8, 10] , and second, the mechanism by which the pathway coordinates body metabolism is unclear [8, 11] . This has led to the call for identifying the upstream regulators of the pathway and the molecules at the crossroads of coordinating body metabolism with mTOR in different tissues [10, 11] . Towards this end, recent studies revealed an emerging theme that signaling networks that couple pancreatic β-cell function and proliferation to regulate cell homeostasis, might impart on regulating the mTOR pathway, and underlie the link of cancer and diabetes. However, as discussed in the next section, the mechanisms that couple β-cell function and proliferation are far from being understood. The growth factor-and nutrient-sensor Cdc42-IQGAP1-Exocyst pathway serves like a rheostat to fine-tune the signals of mTOR and the mitogen activated protein kinase (MAPK) pathways, and has a role in coupling β-cell function and proliferation with glucose metabolism, and thus it represents one of the key pathways that link cell proliferation to metabolism. Moreover, deregulation of the Cdc42-IQGAP1 axis has oncogenic properties and associates with several types of human carcinomas, and thus it can link cancer to metabolic diseases. Therefore, the focus of this article will be on how the signaling components of this pathway connect β-cell function and mass in the pancreas with insulin signaling in target tissues, and how their dysfunction underlies the link of cancer and diabetes.
Loss of pancreatic β-cell mass as a major driver of diabetes
T2D is a complex disease that arises in obesity from a combination of defects in insulin signaling in target tissues and dysregulation of insulin secretion in pancreatic β-cells [5, 12, 13] . Failure of insulin-responsive tissues, such as the liver and the skeletal muscle, to respond adequately to insulin signaling, termed "insulin resistance", prompts β-cells to compensate by increasing insulin secretion (hyperinsulinemia), a demand that ultimately triggers a progressive loss of β-cell mass, the failure to compensate, and thus the manifestation of T2D [12] [13] [14] [15] [16] . While insulin resistance can be reversible therapeutically, the loss of functional β-cell mass cannot at present be reversed, which has led to the concept that loss of β-cell mass is a major driver of T2D [12] [13] [14] [15] [16] [17] .
While much knowledge has been accumulated about the mechanisms of glucose-stimulated insulin secretion (GSIS), little is known about the mechanisms behind β-cell proliferation. The molecular mechanisms responsible for deficient insulin secretion have been extensively analyzed, revealing the involvement of diverse signals in GSIS and both a positive and a negative feedback action of secreted insulin on β-cells [18] [19] [20] . These mechanisms have been subject of recent excellent reviews [18] [19] [20] [21] [22] , and therefore will not be covered here. By contrast, the mechanisms behind the loss of β-cell mass have only recently gained attention but remain debated as to whether β-cell division or differentiation is impaired in T2D and with evidence supporting both [12] [13] [14] [15] [16] [17] 23] . Several studies implicated apoptosis and aberrations in β-cell viability in T2D, and suggested stimulating β-cell division for treatment [reviewed in 13] . However, recent evidence shows that in vitro induction of human β-cell division constitutes a rare event [17] , thus utilizing it as a therapeutic approach, while avoiding the risk of neoplasia, will require full understanding of the mechanisms behind βcell regeneration. On the other hand, dedifferentiation of diabetic β-cells has also been implicated as a factor in the pathogenesis of T2D, thus presenting stimulating differentiation as therapy [23] . The unifying thread in these studies is that loss of functional β-cell mass, be it by apoptosis or dedifferentiation, and a crucial interplay of β-cell function and mass with insulin signaling in peripheral tissues, underlie the pathology of T2D. While the exact molecular mechanisms underpinning these connections are still unclear, the role of the mTORC1 and the MAPK pathways as central players has been heavily investigated and is revealing the valuable insight that the signal-dynamics of these central pathways is crucial to homeostatic conditions, as discussed below.
Role of signal dynamics of mTOR and MAPK in cancer and diabetes

The mTOR pathway is regulated by negative feedback loops (NFLs) whose regulation is poorly defined
Dysfunction of mTOR-Akt signaling pathway associates with T2D and with the vast majority of the prevalent human cancers, and is currently a clinical target [8, 10] . The intracellular nutrient-sensor mTOR pathway is considered to be the hub for regulating insulin homeostasis, cell growth and proliferation, and is a major regulator of cell metabolism [8, 10] . As such mTOR signaling inputs into multiple cellular processes linked to appropriate cell growth control such as cell cycle progression, transcriptional control, ribosome biogenesis, protein translation and autophagy, essentially by monitoring energy status, nutrient availability and mitogen activity [8] [9] [10] [11] .
Because the mTOR pathway has been subject of intensive excellent reviews recently [8] [9] [10] [11] 24] , here we will only summarize information pertinent to the subject of this discussion (Fig.  1 ). The catalytic "mechanistic" TOR subunit (mTOR) is an evolutionarily conserved serine/ threonine-specific protein kinase residing in two physically and functionally distinct, but tightly coordinated complexes; the rapamycin-sensitive mTOR complex 1(mTORC1), defined by the subunit Raptor and the rapamycin-resistant mTORC2, defined by the subunit Rictor [25] [26] [27] [28] . In response to nutrient or growth factors, mTORC2 activates the protein kinase B (PKB/Akt), a serine/threonine-specific protein kinase, by phosphorylating it on Ser473. Activated pAkt S473 inhibits the GTPase activating protein (GAP) Tsc1/2 complex, thus activating the Ras-like GTPase Rheb1/2 complex, which activates mTORC1 [29] . In turn, mTORC1 activates its target the ribosomal protein S6 kinase (pS6K1 T389 ), a serine/ threonine-protein kinase, and promotes insulin synthesis and signaling, leading to cell growth/size [30] . Thereafter, via known negative feedback loops (NFLs), pS6K1 T389 reduces insulin sensitivity and synthesis by inactivating the insulin receptor substrate IRS1/2, an adaptor protein for the insulin receptor (IR), targeting it for proteasomalmediated degradation, and thus terminating insulin signaling, or phosphorylates Rictor on Threonine 1135 to reduce mTORC2 signaling and inhibit Akt1 S473 activity [31] [32] [33] .
Several questions regarding the mTOR-Akt regulations remain. First, how these two NFL themselves are regulated has been unclear. Second, whereas mTORC2 activation of Akt1 S473 leads to activating mTORC1 and insulin secretion and is downregulated by S6K1 T389 phosphorylation of Rictor T1135 , how Akt1 S473 activity is directed towards cell division and survival is poorly defined. Particularly so because several recent studies demonstrated that mutation of Rictor T1135 could not abolish the EGF-mediated phosphorylation of Akt1 S473 , which activates certain Forkhead box O transcription factors (FoxO) proteins, leading to promoting cell proliferation, and perhaps suggesting existence of alternative mechanism(s) to mTOR-Rictor, for activating Akt1 S473 [31] [32] [33] . Later we will discuss the role of IQGAP1 as an alternative mechanism. Third, how mTOR impacts downstream effectors to terminate protein synthesis is unclear. mTORC1 promotes capdependent protein translation through its downstream effector the eukaryotic translation initiation factor 4E (eIF4E), by inhibiting the repressor eIF4E-binding protein (4E-BP), thus preventing eiF4E-4EBP binding. In response to nutrient, mTOR suppresses 4E-BP by phosphorylating it on Thr37 and/or Thr46 [34] , but this crucial inhibitory phosphorylation event, which regulates cell growth, has turned out to be rapamycin-insensitive [35] , suggesting that mTOR may not be the only factor regulating 4E-BP. Genetic evidence from the fly shows that FoxO signals to 4E-BP to inhibit insulin secretion and promote autophagy, and that constitutive signaling of FoxO-4E-BP axis mimics diet-restriction and increases lifespan [36] . Because FoxO proteins are evolutionarily conserved, it is curious whether they contribute to modulating 4E-BP activity in protein translation or termination of insulin signaling, thus explaining the rapamycin-insensitive inhibition of 4E-BP.
Because the mTORC1/S6K1 NFL generates a state of cellular insulin resistance, and S6K1 knockout in mice increases insulin sensitivity [37] , several studies suggested that constitutive mTORC1 signaling in obesity, contributes to T2D [37] [38] [39] . However, genetic and pharmacologic studies revealed the complexity with which the pathway operates that prevents it from being a simple target, which is discussed below with focus on the role of mTORC1/S6K-Akt in the pancreas.
Targeting mTORC1 and Akt in research or clinic highlights importance of signal dynamics
The mTORC1 pathway plays a crucial role in the pancreas by regulating β-cell size and insulin secretion [8] [9] [10] [11] . However, studies using genetic gain and loss of function of the mTORC1 components in the pancreas of animal models produced several contradictions [40] [41] [42] [43] [44] [45] . In some studies, activation of mTORC1 in β-cells improved glucose tolerance and increased β-cell size and number [41, 42] , and loss of S6K1, the target of mTORC1 widely used a marker of its activity, resulted in small β-cells and glucose intolerance in mice [43] , which is a symptom of T2D. By contrast, other studies reported that constitutive activity of S6K1 in mice led to increased insulin secretion without increasing β-cell mass [44] , and that loss of S6K improved insulin-sensitivity and protected against diet-induced obesity [37] . However, while constitutive activity of mTORC1 increased β-cell mass, eventually it led to insulin resistance and T2D [42] , that has been attributed to activating the mTORC1-S6K1mediated NFL and consequent inhibition of IRS1/2, which is suggested to lead to increased β-cell apoptosis [44] , one of the underlying mechanisms that lead to T2D [13] . Therefore, these studies demonstrate that prolonged inhibition or activation of mTORC1 has detrimental outcome and may not be useful as long-term therapy.
Similarly, pharmacologic inhibition of mTORC1 by the specific inhibitor, rapamycin, exacerbated the symptoms of T2D both in rodents and humans [45] [46] [47] [48] . Systemic administration of rapamycin in animals produced results varying from inconsistent insulin levels to hyperglycemia and hypoglycemia [47, 48] , and clinical trials of rapamycin or its structurally related analogs "Rapalogs" resulted in hyperlipidemia and glucose intolerance in humans [10, 47, 48] . For this reason efforts were directed towards developing specific kinase inhibitors of mTOR, and met with the same fate; treatment with the mTOR kinase inhibitor AZD8055 also worsened the symptoms of T2D in mice [49] .
Genetic studies in animal models paint a similar picture for Akt, which resides both upstream and downstream of mTORC1, and influences insulin signaling, glucose metabolism and cell survival. Akt signaling has been implicated also in cell-cycle progression and survival of pancreatic β-cells as well as in modulating β-cell mass and function [50] [51] [52] . Constitutive loss of Akt kinase activity in mice impaired β-cell adaptation to peripheral insulin resistance via defects in insulin secretion, rather than a decrease in βcell mass or an increase in apoptosis [52] . However, more recent evidence reveal that maintaining functional β-cell mass in animal models requires Akt phosphorylation at Serine 473 and de-phosphorylation at Threonine 308 [51] , suggesting that Akt-signal dynamics represents a crucial factor in regulating β-cell mass and function. Indeed, prolonged Akt activity, which is a known oncogenic signal, leads to hyper-proliferation and transformed phenotypes in cell culture [53] , supporting the notion that T2D also arises from increasing non-functional β-cell mass due to loss of cell differentiation [23] , which in turn predisposes to cancer at least in a subset of diabetic cases. To regulate cell differentiation, the mTORC1-Akt pathway cross-talks with the MAPK pathway via shared components.
Role of the MAPK pathway in cancer and diabetes
The MAPK cascade receives signal from the small GTPase Ras and transmits it through a triple MAPK cascade MAP3K (MAPKKK) Raf, which activates MAP2K (MAPKK) MEK1/2, and in turn activates several MAPKs such as ERK1/2, p38 and JNK/SAPK [54] . The oncogenic Ras-MAPK pathway is deregulated in many human cancers, including 90% of pancreatic cancers [55] and contributes to the pathogenesis of T2D [56] . Animal studies revealed that the different kinases of the MAPK cascade exhibit signal specificity and have distinct cellular functions. Mice lacking p38δ displayed improved glucose tolerance, insulin secretion and β-cell survival by relieving an inhibition on the phosphoinositide-dependent kinase-1 (PDK1), which activates Akt1 by phosphorylating it on Threonine 308 [57] . Similarly, loss of the activity of the stress-regulated c-Jun N-terminal kinases (JNKs/SAPK), which suppresses insulin signaling by phosphorylating IRS1 on serine 307 [58] , improved insulin sensitivity in mice and decreased fat deposition [59] . However, the prototypical MAPK extracellular signal-regulated kinase, (ERK1/2), appears to exhibit a paradoxical response to glucose. ERK1/2 is required both for glucose-mediated induction [60] and chronic-glucose-mediated inhibition of insulin gene expression in β-cells [61] , suggesting, and reminiscent of the case with mTORC1-Akt, that signal dynamics of MAPK is crucial to the normal functioning of the pathway and to homeostatic metabolism. Therefore, dominant inhibition or activation of this pathway would also be detrimental.
Underscoring the importance of signal dynamics in regulating cell and body homeostasis, are several recent studies implicating chronic administration of antidiabetic drugs, such as several types of Glucagon-like peptide-1 (GLP-1) receptor agonists, in promoting several types of cancer in human and in animal models through chronic deregulation of mTORC1-Akt and/or MAPK signals [62] [63] [64] . This molecular link between cancer and diabetes has also been emphasized by a study of human breast cancer in which the antidiabetic drug Metformin was associated with a lower rate of cell proliferation only in diabetic, but not in non-diabetic, patients [65] . Metformin mimics calorie restriction by improving insulin sensitivity and lowering insulin levels through activation of AMP-activated protein kinase (AMPK), a mitochondrial sensor that is activated by an increase in the AMP/ATP ratio [66] , down regulation of c-MYC, IRS2 and inhibition of mTORC1 [67] . The caveat, however, is that prolonged inhibition of mTOR can exacerbate T2D in human and rodents [45, 46] . The systemic administration of these inhibitors may also play as a contributing factor to their serious side effects; however addressing this will require understanding how the functions of mTOR in the pancreas and the target tissues are coordinated. Collectively, genetic, pharmacologic and pharmaceutical evidence discussed here, underscore the delicate balance by which the mTORC1-MAPK pathway operates, and provides the insight that dysregulation of its signal dynamics can explain cancer development in diabetes. Therefore, mechanistic knowledge of how mTORC1-MAPK signal is modulated will be paramount to developing selective antidiabetic drugs while avoiding cancer risk. One such modulator of mTORC1-MAPK; IQGAP1, is discussed below 3. IQGAP1 as a rheostat of mTOR-Akt-MAPK signal and β-cell homeostasis
IQGAP1 is a growth factor-and nutrient-sensor scaffold that integrate cell signaling
The widely conserved IQ motif containing GTPase activating protein (IQGAP) family of proteins resides at the interface of several eukaryotic signaling pathways and the cytoskeleton to influence cellular homeostasis [68] . There are three human IQGAP isoforms, IQGAP1-3 with considerable sequence homology and similar domain structure, but they differ in tissue specificity and cellular functions. IQGAP1 is the most studied, and has wider tissue distribution, including in the pancreas, liver and skeletal muscle, whereas IQGAP2 is limited to the liver, and platelet, and IQGAP3 is restricted to the brain [68] [69] [70] [71] [72] , therefore, for relevance, the focus will be on IQGAP1. The modular nature of IQGAP1 (Fig. 2 ) enables it to bind signaling molecules, receptor tyrosine kinase (RTK), glutamate receptors, adaptor molecules and calcium sensors [70] . The CHD directly binds, bundles and caps F-actin, and thus IQGAP1 modulates F-actin dynamics through cycles of assembly and disassembly, and interactions with Cdc42, N-WASP, Arp2/3 complex and the formin mDia1 that involves the IQGAP1 C-terminal domain [69, [73] [74] [75] . The IR-WW associates with ERK1/2, Exocyst complex, mTORC1 and Akt [53, [76] [77] [78] . The IQ motifs associate with calcium/calmodulin, myosin light chain, the MAPK b-Raf and MEK1/2 [71] , whereas the GRD binds Rac1 and Cdc42. For substitution of the catalytic arginine finger with a threonine, the GRD domain lacks a true GAP activity, and rather acts as a decoy GAP to trap and lock active Cdc42 locally without catalyzing GTPase activity, thus increasing the level of Cdc42-GTP in cells [77, 79, 80] . This feature may allow IQGAP1 to specify regions of cell polarity, localized hot spots for signal-regulated protein transport, or spatially activating signaling pathways for directed cell migration and growth [68] . To modulate epithelial adhesion, the RGCt domain binds β-catenin and E-cadherin members of the Wnt signaling that has also been widely implicated in cancer and T2D [81] , and the cytoplasmic linker protein 170 (CLIP170) and the tumor suppressor adenomatous polyposis coli (APC) to also modulate the microtubule cytoskeleton [68] [69] [70] [71] [72] . Whereas the nuclear localization signal (NLS) at the end of the RGCt domain mediates IQGAP1's cell cycle-dependent entry into the nucleus [82] , the atypical phosphoinositide (aPI)-binding domain, like in PI3K and mTOR, binds PIP3 [83] . Altogether, these features facilitate IQGAP1's spatiotemporal control of cell signaling related to aspects of cell proliferation such as cell size, division, differentiation, epithelial cell polarity as well as migration and phagocytosis, apparently via an underlying essential role in signal-controlled vesicular transport [68] as is discussed in the following sections.
IQGAP1 modulates the mTORC1-Akt and MAPK signals
IQGAP1 appears to modulate the signal balance between mTORC1-Akt and MAPK, to regulate cell proliferation and differentiation in different tissues and cell types. In fibroblasts and epithelial cells, IQGAP1 serves as a scaffold for the MAPK cascade by binding b-Raf, MEK1/2 and ERK1/2, and regulating their activity [53, 84] apparently via direct binding to the epidermal growth factor receptor (EGFR) kinase domain [85] . In the heart, IQGAP1 integrates hypertrophy and survival signals by binding both c-Raf-MEK1/2-ERK1/2 and Akt [86] . In β-cells, it fine-tunes mTORC1-Akt1 vs. the MAPK ERK1/2 signaling to regulate cell proliferation [53, Fig. 3a ]. Mechanistic analyses, using dominant mutants, revealed that in presence of epidermal growth factor (EGF), expression of IQGAP1-IR-WW, the mTORC1-binding domain, attenuates ERK1/2/GSK3α/β and mTORC1/S6K1 T389 and robustly elevates the pAkt S473 signal [53, 68, 77, 78] . These findings suggested that IQGAP1 relieves the mTORC1/S6K1 T389 negative feedback (NFL) on pAkt S473 [53, 68, 77, 78] . How IQGAP1 elevates Akt S473 signal while attenuating S6K1 T389 activity is being investigated on the premise that it involves a novel mTOR-IQGAP1 module parallel to mTOR-Rictor that specifies pAkt S473 activity towards cell division. Indeed, mutation of Rictor Thr-1135, the site responsible for activating Akt S473 and mediating the S6K-inhibition (NFL) of Akt S473 , does not alter the growth factor-dependent phosphorylation of Akt at Ser 473, suggesting either dispensability of that site for mTORC2 (mTOR-Rictor) kinase activity [31] [32] [33] or existence of alternative mechanisms (e.g. mTOR-IQGAP1) for activating Akt S473 and diverting its activity towards cell proliferation instead of insulin secretion [53] . In support of this view, IQGAP1 binds both Akt and mTOR, and like the PI3K-mTOR family of proteins it has a PIP3-binding aPI (C2/PH-like) domain [83, Fig. 2 ], which could directly mediate the Akt S473 activation we observed in several cell types [53] . This also provides explanation to why IQGAP1 exceeded TORC1 in sensitivity to rapamycin by several fold [53] and present the potential of its utility as a therapeutic predictor of rapamycin-sensitivity in a subset of T2D or cancer. Therefore, IQGAP1 resides both upstream and downstream of mTORC1-Akt-MAPK to couple cell growth and division [53, 78] by serving like a rheostat to adjust insulin secretion and β-cell mass, and thus linking cancer and diabetes [53] , as discussed in the following sections.
Cdc42-IQGAP1-Exocyst modulates insulin secretion in pancreatic β-cells
IQGAP1 has a conserved intrinsic regulatory activity in secretion that different cell types from yeast to mammals utilize appropriately to regulate protein traffic [68] . In immune cells, IQGAP1-actin negatively regulates the delivery of secretory lysosomes to the target site at the plasma membrane [87] , as well as the agonist-stimulated histamine secretion in mast cells [88] . In the budding yeast, IQGAP, Iqg1p, serves as a positional marker to select the bud-site, direct the exocytic secretory pathway first to that site to grow the bud and then redirect it to the cytokinetic plate to deposit the septum and bisect the daughter cells [89] [90] [91] . Mechanistic analyses of IQGAP1 role in insulin synthesis and secretion in pancreatic β-cells revealed that IQGAP1 is a regulator, playing both a negative and a positive role depending on phosphorylation and binding to Cdc42 [53, 77] . IQGAP1, and not IQGAP2 or IQGAP3, binds and co-localizes with the insulin vesicle-tethering machinery, exocyst and the t-SNARE Syntaxin 1A, to modulate GSIS [77] . Localizing to the endoplasmic reticulum, IQGAP1 binds the Sec61β translocon subunit, mTORC1 and Akt, and modulates insulin synthesis [53, 68, 77, 78] . Whereas IQGAP1-N domain that binds the exocyst and mTORC1 increases insulin synthesis, GSIS and the cell size, IQGAP1-C domain, which binds active Cdc42, reduces GSIS and the cell size, thus presenting IQGAP1 as a regulator of insulin secretion and cell size in concordance with mechanism by which it modulates mTORC1-Akt-MAPK signals [53, 77, 78] , dysfunction of which could predispose to T2D and/or cancer. Indeed, the expression level of IQGAP1, and not Cdc42 or other IQGAP isoforms, is found to be significantly decreased in human β-cells isolated from patients with T2D (92, Osman, unpublished), thus supporting the results from cell culture, and highlighting the importance of IQGAP1-signal in insulin secretion and T2D.
This signal activity must involve IQGAP1's modulation of F-actin dynamics. Total internal reflection fluorescence microscopy suggests that T2D is associated with fewer docked insulin vesicles [93] and that dynamic actin remodeling is crucial for exocytosis in two important steps. The step of docking and tethering of the vesicles requires the assembly of F-actin into meshwork [94] , whereas the step of fusion and release of the vesicles requires the disassembly of the actin meshwork [95] . Cdc42 GTPase has been widely implicated both in mastoparan-induced insulin secretion via indirect interaction with Syntaxin 1A [96] , and in GSIS via a presumptive role in F-actin dynamics [reviewed in [18] [19] [20] [21] [22] . However, Cdc42 does not bind F-actin directly and must do so through effector proteins. Clearly, IQGAP1, which is known as the master regulator of F-actin dynamics [69, [73] [74] [75] , and serves both as an upstream regulator and a downstream effector of Cdc42, must be a direct player [77, 79] . IQGAP1 assembles the F-actin nucleation and capping machinery, N-WASP, Arp2/3 complex and the formin mDia1, to modulate F-actin dynamics in a Cdc42-regulated manner [69, 73, 74] that mirrors its modulation of GSIS [77] . Therefore, most probably this mechanism represents an important aspect of IQGAP1's regulation of GSIS (Fig. 3b) and requires further studies. Further investigation is also required into how IQGAP1 downregulates insulin secretion and diverts Akt signal towards cell division. In the following sections, we discuss how IQGAP1 mediates the link between β-cell secretion and mass that underlie its potential mechanism in connecting cancer and diabetes.
IQGAP1 associates with human carcinomas and controls the cell division cycle
Several studies reported that changes in IQGAP1 expression or localization associates with colon cancer [97] , metastatic melanoma [98] , glioblastoma [99] , gastric carcinoma [100] and thyroid cancer [101] . Furthermore, knockout of IQGAP1 in the mouse produced gastric hyperplasia and lung adenoma [102] , and overexpression of IQGAP1 in cell culture caused transformed phenotypes, and induced tumors in mice [78, 103] .
Several aspects of IQGAP1 cellular functions suggest that its association with carcinomas represents a cause and not a consequence of tumorigenesis. First, in response to EGF, IQGAP1 becomes serine-phosphorylated and binds active Cdc42-GTP [77, 79] , leading to increased cell proliferation and transformed phenotypes [78] . Persistent Cdc42 activity, such as the expression of the constitutively active mutant Cdc42 F28L , is oncogenic [104] and IQGAP1 is required for this activity [78] . Second, activated IQGAP1-Cdc42 dissociates epithelial adherens junctions by dissociating α-catenin from the E-cadherin-α-catenin-βcatenin complex, leading to the translocation of β-catenin into the nucleus and the initiation of oncogenic transcriptional events that sustain cell scattering, increased migration and invasion [reviewed in 105]. Third, IQGAP1 has a potential oncogenic transcriptional activity in the nucleus. We showed that expression of IQGAP1-F or IQGAP1-C, which binds active Cdc42-GTP, accelerates the cell cycle by increasing DNA synthesis as measured by the thymidine analog, bromodeoxyuridine (BrdU)-incorporation assay [78] . Indeed, a recent study revealed that IQGAP1 accumulates in the nucleus at G1/S phase where it associates with the DNA replication complex factors RPA32 and PCNA, and that RNAi-depletion of IQGAP1 delayed the cell cycle progression [82] . Fourth, IQGAP1 has an evolutionarily conserved regulatory role in cytokinesis, which we demonstrated first in yeast [91] . We showed that in several cell types, expression of IQGAP1-N or the internal IQGAP1-IR-WW arrests cytokinesis, producing multinucleated cells [78] and that IQGAP1 localizes as a ring in the midbody of dividing cells, suggesting a role in cell abscission, which is the final step in animal cytokinesis [53] . Several lines of evidence from different biological systems support this view. In Chinese hamster ovary (CHO) cells, a proteomic study identified IQGAP among the components of midbody proteins involved in cytokinesis [106] . In mouse oocyte and embryos, IQGAP1 localizes to the cleavage furrows, and disruption of Cdc42 function with Toxin B resulted in delocalizing IQGAP1 and cytokinesis failure [107] . In HeLa cells, IQGAP1 interacts with the endosomal sorting complex required for transport I (ESCRT-I) subunit TSG101, whose depletion inhibits cell abscission [108] . These observations suggest that IQGAP1's role in directed secretion, which is required for bisecting the daughter cells in yeast [90, 91] , is conserved in mammals. As polarized secretion and F-actin dynamics play major roles in directed cell migration, IQGAP1 has also been widely implicated in promoting cell migration and invasive growth of cancer cells, as discussed below
IQGAP1 controls cell migration and invasive growth of cancer cells
Several studies demonstrated that IQGAP1 promotes cell migration [73, 74, 78] and invasion of cancer cells [109] [110] [111] . However, mechanistic analysis of IQGAP1 control of cell migration and invasion, using deletion and phosphorylation point mutants revealed that the dynamics of IQGAP1, which determines its ability to cycle between a Cdc42-GTP-pIQGAP1 and an IQGAP1-exocyst bound forms is crucial for efficient migration and invasion [78] . Thus, unlike the case with its functions in secretion and cell proliferation that reside in opposite domains (see below), IQGAP1 controls cell migration/invasion through a concerted activity of both the C-terminal and the N-terminal domains [78] . Studies in human tumors and cell cultures suggest that this cycling might correlate with changes in the subcellular distribution of IQGAP1. Evidence for this was observed in human colorectal carcinomas where IQGAP1 overexpression and diffuse localization pattern associated with higher rates of distant metastasis and poor prognosis [112] . As discussed earlier overexpression of IQGAP1 leads to increased levels of pIQGAP1 S1443 and binding to Cdc42-GTP, and activation of Akt, which could result in delocalizing a pool of IQGAP1 to sustain invasive growth. The molecular basis and exact locations of IQGAP1 aberrant redistribution in tumors requires further scrutiny.
Overall, the mechanisms discussed above underlie IQGAP1 generation of tumors and invasive growth through effector and signaling proteins, including mTORC1-Akt and the components of the canonical Wnt signaling pathway. Furthermore, our work in yeast provided the pivotal clue that IQGAP1 integrates these functions essentially through a signal-controlled coupling of cell growth/size and cytokinesis, which regulates cell homeostasis [68, 53] , dysfunction of which underlies its mechanism in tumorigenesis and diabetes, as discussed below.
6. IQGAP1 modulates β-cell proliferation
Mechanistic analyses of IQGAP1 function in the budding yeast revealed that yeast IQGAP1, Iqg1p; links cell growth (polarity) to cytokinesis by linking the bud-site selection and secretion machineries to Cdc42p signaling and to the actin cytoskeleton [89] [90] [91] . This function is conserved in mammals, where IQGAP1 promotes cell size by its N-terminal domain and cell proliferation by its C-terminal domain, thus regulating cell homeostasis in several cell types, including pancreatic β-cell lines [53, 77, 78] . This function is regulated in part by phosphorylation of Ser1443 at IQGAP1's C-terminus, and differential binding to Cdc42-GTP, which in turn determines binding to appropriate partners to promote cell growth or division [53, 77, 78] . Expression of the phospho-mutant IQGAP1 S1443A inhibits cell proliferation, whereas the phosphomimetic IQGAP1 S1443E increases cell proliferation and induces transformed phenotypes [78] . This function requires the activities of Cdc42, mTORC1 and Akt, as tested by dominant point mutants, RNAi and specific inhibitors [78] . Thus, IQGAP1 fine-tunes mTORC1-Akt1 vs. the MAPK signaling to integrate β-cell proliferation and insulin homeostasis (Figs. 3 &4) . Support for this model was evidenced by the finding that expression of the domain that binds mTORC1 and Exo70, and enhances insulin secretion and cell size under full nutrients, attenuates ERK1/2/GSK3α/β and mTORC1/S6K activity while markedly enhancing Akt activity in response to EGF [53, 77, 78] . This evidence supports the concept that IQGAP1 serves as a sensor that modulates mTORC1-MAPK signaling to regulate cell growth and division according to nutrient availability, and that its deregulated activity can bypass the action of nutrient or mitogens to induce cell proliferation, apoptosis or differentiation. This view is consistent with the opposing signals of ERK1/2/GSK3α/β and Akt [113] , which IQGAP1 modulates. Whereas GSK3α/β controls apoptosis, lipid and fat metabolism and is a critical Akt substrate where active pAkt S473 inhibits GSK3 by phosphorylating Ser21 on GSK3α and Ser9 on GSK3β [114] , ERK1/2 promotes cell differentiation [115] , thus attenuating their activity suppresses cell differentiation and apoptosis in concordance with the elevated pAkt S473 signal that promotes cell proliferation [53] . Consistent with this notion targeted knockdown of GSK3β in remnant pancreas of a 90% pancreatectomized adult rats led to regeneration of β-cells by increasing proliferation, and prevented the acinar cell apoptosis [116] . These data also agree with the evidence that energy starvation activates MAPK p38-regulated/activated kinase (PRAK), which in turn suppresses mTORC1 activity [117] . Overall, these data demonstrate that IQGAP1 signaling integrates modulation of ERK1/2 and Akt1 signaling to appropriately control insulin secretion/cell size or cell proliferation.
Several lines of evidence support that elevated IQGAP1 signal, and not just mere expression, promotes cell proliferation and transformation [53, 78] . For example, while the expression of dominant-negative mutants such as IQGAP1 IR-WW , the phospho-defective mutant IQGAP1 S1443A or the IQGAP1 ΔMK24 , which disrupts Cdc42 binding, promotes insulin secretion and cell size, they inhibit cell proliferation and generation of transformed phenotypes [53, 77, 78] . By contrast, dominant-active mutants such as IQGAP1-C or the phosphomimetic IQGAP1 S1443E , promotes transformed phenotypes and inhibits insulin secretion while reducing the cell size [77, 78] . Furthermore, functional insulinoma β-cells that secrete insulin, contain less pserine-IQGAP1 compared to non-functional undifferentiated insulinomas that are deficient in insulin secretion [53] . Therefore, a critical level of pIQGAP1 appears to be important for balanced cell proliferation, and raises curiosity about its potential utilization in therapeutic β-cell regeneration. Also, these findings highlight the notion of the dynamic link between β-cell function and mass, and support the concept of dedifferentiation as culprit in diabetic β-cell failure [23] , at least in a subset of cases, denoted by elevated pIQGAP1.
In summary, the evidence discussed in these sections support the model that IQGAP1 normally serves like a rheostat for adjusting insulin and β-cell homeostasis via a two-step mechanism. At the plasma membrane it regulates GSIS by modulating F-actin-dynamics, interplaying with Cdc42-Arp2/3-N-WASP and Exo70 to control insulin tethering and release while increasing insulin synthesis and translocation by engaging mTORC1 (Fig. 3) . Upon phosphorylation, it attenuates the mTORC1/S6K1→Akt1 NFL, disassembles actin meshwork, downregulates insulin secretion, and thus sustaining Akt1 signaling and diverting it towards cell proliferation while suppressing apoptosis and differentiation by attenuating ERK1/2-GSK3 signaling [53] . Factors causing significant shift of the pathway to the right or to the left would deregulate insulin level and result in cell apoptosis or lead to βcell transformation (undifferentiated state), associated with the pathogenesis of T2D and/or cancer ( Fig. 4 ) and would explain why IQGAP1 is decreased in a subset of human T2D. Moreover, like the case of mTORC1-Akt, IQGAP1-signal dynamics appears crucial to its differential interactions and function, and may have a role in regulating glucose metabolism in target tissues as is discussed below
IQGAP1-Exocyst axis as integrator of β-cell mass and function with insulin signaling
The current view that prolonged stress on β-cells associated with the increased insulin secretion accompanying insulin resistance contributes to loss of β-cell mass, and subsequent T2D, underscores the importance of identifying the points of crosstalk that connect β-cell mass/function to insulin signaling. Although mTORC1 has been implicated in both functions, how it coordinates the involved signals remains insufficiently defined [8] [9] [10] [11] . Expression of IQGAP1 both in the pancreas and the target tissues, and its differential interactions with the exocyst and the GTPase Rac1, two proteins that have been widely implicated in glucose metabolism by regulating the trafficking of the glucose transporter GLUT4, provides a platform for such coordination. The exocyst is a widely conserved nutrient-regulated hetero-octameric vesicle targeting and membrane-tethering complex required for signal-dependent exocytosis that promotes cell growth [118] and cell abscission [119] , thus it couples cell growth and cytokinesis. Serving as effectors for several small GTPases, including Cdc42, Rac1, Tc10, Rab and Rals [68, [119] [120] , the exocyst promotes insulin secretion [77, 122, 123] , insulin synthesis [124] [125] [126] and insulin-induced glucose uptake by translocating the glucose transporter Glut4 to the surface [121] . Earlier studies have demonstrated the link of these functions with T2D, as defects in insulin signaling impair Glut4 translocation and lead to insulin resistance [127, 128] , thus supporting a role for the exocyst in the pathology of T2D.
Mounting evidence supports that the exocyst collaborates with or antagonizes mTOR to promote anabolism or catabolism to support cell growth under variable nutrient conditions. The exocyst differentially engages the two Ral isoforms, RalA or RalB, to modulate epithelial cell polarity [129] and metabolism. Under nutrient conditions, the assembly of RalA-dependent exocyst is crucial for insulin-regulated delivery of Glut4 to the plasma membrane in adipocytes [121] . By contrast, under nutrient limitation, a RalB-exocyst initiates autophagosome biogenesis, thus triggering autophagy in human epithelial cells [130] to release nutrients. The Autophagy-lysosomal pathway is a central catabolic trafficking pathway responsible for recycling misfold proteins and damaged organelles, thus it impacts T2D, cancer, degenerative disease and aging [131] [132] [133] [134] . Active mTORC1 directly suppresses autophagy in presence of nutrients, and thus under low nutrients, the induction of autophagy requires the inhibition of mTORC1 [135] . Because RalA promotes mTORC1 activation [136] and RalA-exocyst promotes glucose metabolism whereas RalB-exocyst initiates autophagy, it appears clear that interplay of RalB/exocyst/RalA/mTORC1 contributes to the mechanisms that integrate anabolism and catabolism in the regulation of body metabolism.
Additionally, because the exocyst subunits exhibit differential localization and distinct functions in different cell types [137, 138] and achieve functional diversity through interactions with different GTPases, they likely provide crucial points of feedback in coordinating body metabolism. Such mechanism likely will involve a Rac1-IQGAP1exocyst axis, because Rac1, which also binds IQGAP1, has been extensively implicated in GLUT4 transport in the insulin-responsive peripheral tissues [139] [140] [141] . Therefore, it is possible to envision that differential engagement of IQGAP1-exocyst with Cdc42 and Rac1 modulates not only insulin synthesis and secretion in β-cells, but also glucose metabolism in the target tissues through modulating mTORC1-MAPK signal, and thus contributes to coordinating body metabolism. This, as these components couple cell growth and division with insulin signaling, the dysfunction of which can mechanistically explain the development of cancer in obesity ( Fig. 4) . Development of animal models of diabetes for the exocyst components and IQGAP1 should provide valuable insights into these connections.
Concluding Remarks
The intimate connection between cancer and diabetes is particularly troubling in light of rising population obesity, especially in children. Deciphering the signaling networks that couple β-cell mass and function with insulin signaling would open avenues for developing selective strategies for treating T2D and its associated cancers. Cell signaling is a dynamic process; therefore, chronically inhibiting or activating mTOR signaling as a therapeutic strategy has been proven ineffective. Identifying the modulators of the pathway and developing drugs accordingly would be an ideal approach. In this respect, the Cdc42-IQGAP1, which serves as a rheostat of the mTORC1-Akt-MAPK appears promising. However several questions remain to be answered before this axis can be targeted for effective therapy. First, the mechanism by which IQGAP1 inhibits insulin will have to be delineated in detail to identify the downstream effectors and whether it couples to the ubiquitin-proteasomal, the autophagy-lysosomal pathways or both. Second, the mechanism by which IQGAP1 specifies Akt S743 activity towards cell division must be delineated. Indeed, mTORC2 activation of Akt S743 appears to input into activating mTORC1, while IQGAP1, which binds both mTOR and Akt, and regulates cytokinesis, has the features of binding phosphoinositides that would allow it to specify Akt activity towards cytokinesis and cell proliferation through as yet to be identified effectors. Third, IQGAP1 interactions with the exocyst and Rac1, which are widely implicated in regulating glucose metabolism through trafficking of the glucose transporter, positions it as a plausible switch point for integrating insulin signaling in the pancreas and the target tissues such as the liver and the skeletal muscles, and our laboratory is currently exploring these questions. Delineating this pathway could provide valuable insights for ways to enhancing β-cell regeneration, and also for identifying critical points in the mechanisms of insulin action that could be exploited for treating insulin resistance.
In addition to cytoplasmic-nuclear shuttling, regulations by phosphoserine and phosphotyrosine sites, the Cdc42-IQGAP1-mTORC1-Akt pathway is likely to be fine-tuned by isoforms in targets tissues such as antagonism by IQGAP3 in the brain or by IQGAP2 in the liver and/or by non-coding RNAs such as microRNAs. Bioinformatics analyses predict that several microRNAs potentially regulate and be regulated by IQGAP1-mTORC1 pathway in a tissue-and cell cycle-specific manner (Osman, unpublished) . These epigenetic mechanisms will have potential as targets for personalized medicine and will require analyses in animal models.
Of particular interest is how dynamic IQGAP1-mTORC1 subcellular localization responds to different stimuli and determines their function, and how deregulated co-localization might define cancer and/or diabetes. In different cell types, we found that mTORC1 and IQGAP1 colocalize to several intracellular compartments, including Golgi, the endoplasmic reticulum, perinuclear compartments and the lysosomes (Osman, unpublished. It is unclear whether these represent specific cellular functions or response to different cues. In response to amino acids mTORC1 distributes to the lysosomes surface [142] and amino acids withdrawal or treatment with Metformin, which mimics amino acid removal, causes the diffusion of mTORC1 throughout the cytoplasm, and thus suppresses mTORC1 signaling in an AMPK-independent manner [147] . Therefore, distinctive localization of IQGAP1 and mTORC1 in health and disease would likely be a marker of their activity and function and must be analyzed in detail. An abbreviated diagram illustrating the mTORC1-S6K two negative feedback loops (NFLs) whose regulation is unknown. The mTORC2 (mTOR-Raptor) activates Akt by phosphorylating it on Serine 473. Akt S473 then activates mTORC1 (mTOR-raptor), which activates its effector the ribosomal S6 kinase S6K by phosphorylating it on Threonin 389 to promote insulin secretion and cell size. Akt S473 also promotes cell division by repressing and/or activating specific forkhead transcription factors box O (FoxO) in a process that may be mTORC2-independent [31] [32] [33] . S6K T389 then repress IRS and Akt S473 to inhibit insulin signaling. In the fly (dotted lines) FoxO activates 4EBP, a diet-dependent repressor of protein translation to suppress insulin secretion and degrade excess proteins in the proteasome [36] . How the NFLs are regulated, how EGFR signals to mTOR, how Akt promotes cell division, are open questions. IQGAP1 as a phospho-serine-sensitive conformational-switch regulating β-cell function. (a) IQGAP1 couples cell size and division. Left, in response to nutrients (glucose), Exocystbound IQGAP1-N binds mTORC1 (and Sec61β translocon subunit, not shown) and promotes insulin synthesis and secretion, while auto-inhibition by folding of the C-terminus prevents Cdc42 from binding [53, 77, 78, 79] . Right, in response to EGF (or low nutrients), pIQGAP1 S1443 has an open C-terminus, binds active Cdc42, and attenuates insulin synthesis and secretion by attenuating the S6K1 T389 activity, and thus attenuating the negative feedback loop (NFL, black arrow) on Akt S473 and diverting its activity towards cell division [53, 77, 78, 79] . (b) IQGAP1 known modulation of F-actin dynamics as applied to regulating glucose-stimulated insulin secretion (GSIS). Activated pIQGAP1 S1443 (pQ) recruits active Cdc42 (Cdc42-GTP), N-WASP/Arp2/3 complex to assemble F-actin into meshwork [68, 69, [73] [74] [75] that help dock the vesicles, but inhibits secretion. Dephosphorylated IQGAP1 (Q) disengages Cdc42-GTP and the actin bundling machinery, and binds the exocyst and the t-SNARE syntaxin 1A, to tether the insulin vesicles/granules to the plasma membrane, culminating in actin disassembly [68, 69, [73] [74] [75] and insulin release (GSIS). A new cycle of actin assembly begins with IQGAP1 phosphorylation (pQ). P: phosphorylation by PKCε; E: Exocyst; A: actin filaments or cables. [85] directly or indirectly to signal the formation of specialized scaffolds, which regulate cell homeostasis through dynamic phosphorylation [53, 68, 77, 78] . Deregulation of IQGAP1's signal dynamics can tilt the IQGAP1-mTORC1-Akt1-MAPK pathway to the left or to the right (red arrows with multiple heads) [53, 68, 77, 78] . If tilted to the left via down regulation of IQGAP1 and/or persistence of the un-phosphorylated form and deregulation of the MAPK signal, it leads to increased β-cell size [78] and apoptosis and thus diabetes resulting from loss of β-cells, and explaining why IQGAP1 expression is down regulated in β-cells from a population of diabetic patients. If the pathway is tilted to the right via overexpression of IQGAP1 and/or persistence of the phospho-form and chronic Akt activity, it leads to transformed phenotypes [53, 78] , leading to cancer initiation as well as diabetes, resulting from undifferentiated βcells. Therefore, the nature of the deregulation in the pathway defines different subsets of patients and might be useful for developing personalized medicine.
